Objective: Association between prostate cancer and obesity remains controversial. Allelic deletions of PTEN, a tumor suppressor gene, are common in prostate cancer in men. Monoallelic Pten deletion in mice causes low prostatic intraepithelial neoplasia (mPIN). This study tested the effect of a hypercaloric diet on prostate cancer in Pten þ/À mice.
INTRODUCTION
Several prospective studies reveal an association between obesity and increased incidence and mortality of a variety of cancers [1] . However, the association between obesity and prostate cancer remains controversial. While some studies show a modest increase in the risk of high grade prostate cancer with obesity [2] , others suggest no significant association [3] . Furthermore, recent meta-analysis studies relate prostate cancer to visceral obesity (higher waist circumference) more than other components of metabolic syndrome, such as dyslipidemia [4] . Prostate cancer is the second most common cause of death in males in industrialized countries that also suffer from an epidemic rise in visceral obesity. Emerging evidence supports the view that hypercaloric diet increases early-onset of prostate cancer and promotes its progression to a metastatic state [5] . Visceral obesity is associated with hyperinsulinemia commonly resulting from elevated insulin secretion as a compensatory response to peripheral insulin resistance. Enhanced insulin secretion is associated with increased risk and mortality from high grade prostate cancer [6] . Although not fully investigated, several mechanisms could be implicated in the molecular processes linking hyperinsulinemia to prostate cancer progression. These include: (i) increased insulin mitogenesis [6] ; (ii) reduced apoptosis via Akt and the mammalian target of rapamycin pathways [7] ; and (iii) increased transcription of fatty acid synthase (FAS), a key lipogenic enzyme in de novo synthesis of fatty acids that provide energy to the rapidly proliferating cancer cells [8] . In addition to hyperinsulinemia, visceral obesity is often associated with hypercholesterolemia that plays an important role in prostate pathology, in particular benign prostate disease [9] . The tumor suppressor Phosphatase and Tensin Homolog (PTEN) targets phosphatidylinositol 3-kinase (PI3K/Akt) to act as its primary downregulator [10] . It plays a critical role in cell apoptosis and tumor suppression, not only through the PI3K/Akt pathway, but also through other independent mechanisms [11, 12] . PTEN mutations have been identified in several sporadic tumors as well as in patients with predisposition to cancers such as Cowden disease [13] . In prostate cancer, allelic deletions of PTEN are more common than genetic mutations and monoallelic deletions are detected in localized prostate cancer while complete loss of PTEN gene occurs in metastatic, androgen-independent tumor [14, 15] . In mice, global monoallelic deletion of Pten gene causes prostatic intraepithelial neoplasia (mPIN) that does not progress to invasive carcinoma [16] . To examine whether dietary factors promote progression of prostate cancer, Pten haploinsufficient male mice (Pten þ/À ) and their wild-type counterparts (Pten þ/þ ) were fed a high-calorie fat-enriched (HC) diet for a prolonged period of time prior to evaluating the penetrance and progression of prostate neoplasia. The data indicate a synergestic effect of highcalorie diet on Pten haploinsufficiency in prostate cancer progression.
RESULTS

Metabolic effect of high-calorie diet
Consistent with insulin sensitivity [17] , and protection against dietinduced insulin resistance in Pten þ/À mutants [18] , HC does not cause glucose intolerance ( Figure 1 ) or lipolysis (increased fasting plasma NEFA level) (Table 1) in Pten þ/À as it does in their wild-type counterparts. HC also induces insulin release (C-peptide) and plasma insulin levels only slightly, as opposed to Pten þ/þ mice where it exerts a stronger insulin-inducing effect (Table 1) . Together, the data show preserved insulin sensitivity in Pten þ/À mice despite prolonged high-calorie intake, as opposed to wild-types that develop diet-induced insulin resistance. In contrast, HC induces a comparable body weight gain ( Figure S1 and Table 1 ) and an increase in fasting plasma cholesterol and triglycerides in both groups of mice ( Table 1) . As expected from increased lipid production in liver [19] , and redistribution to white adipose tissue, HC also induces visceral adiposity to the same extent in mutants as in wild-types. (squares) and Pten þ/À null mice (circles) were fed either regular chow (RD) or a highcalorie diet (HC) for 6 months before they were challenged with an ip injection of glucose (1.5 g/kg BW) to assess blood glucose levels at 0e120 min post-injection. *p < 0.05 HC vs RD per each mouse group (n > 6/feeding group).
Moreover, some Pten þ/À mice fed HC for 6 months show invasion of the basement membrane surrounding the gland with necrotic debris and inflammatory cells at the site of invasion (hollow arrowhead).
As Table 2 Figure 2B ). HC intake further induces AR mRNA by 2-fold in Pten þ/À , but not Pten þ/þ mice, in parallel to a 2.5-fold increase in mRNA of Nkx3.1 ( Figure 2B ), a prostate-specific differentiation marker that is transcriptionally regulated by AR [21] . This occurs in the presence of normal plasma testosterone levels ( Mice were fed HC for 6 months and their fasting plasma biochemistry was determined together with visceral obesity and body weight. Data are expressed as mean AE SEM (n ¼ 8e14 mice/group). *p < 0.0125 vs RD per mouse group and Figure 3B ). They undergo a further 2-fold increase in mutant mice by HC feeding. Moreover, HC induces PCNA protein content by w2-fold in Pten þ/À , but not Pten occurs. This demonstrates that HC feeding activates the Aktdependent cell survival cascade to enhance cell proliferation in Pten þ/À prostate, in part by inducing cytoplasmic SOX9 expression, as has been reported [23] . The level of SNAIL transcription factor is elevated during epitheliale mesenchymal transition (EMT), which enhances cellular migratory/ invasive properties to facilitate metastatic dissemination [24] . Consistently, Western and immunohistochemical (IHC) analyses ( Figure 4A ) indicate a significant HC-mediated induction of SNAIL protein levels in Pten þ/À , but not Pten þ/þ mice. In keeping with the repressive effect of SNAIL on E-cadherin [24] , immunostaining analysis reveals a prominent heterogenous expression of E-cadherin in HC-fed 
High-calorie intake increases angiogenesis in Pten
þ/À prostate Prostate tumor exhibits an increase in vascular density due to elevated angiogenesis [25] . Accordingly, IHC analysis reveals a more diffuse immunostaining of CD31 endothelial cell marker in HC-fed relative to RD-Pten þ/À and wild-type mice (Sup Figure 3 , lower right panel vs others). Moreover, Pten haplodeletion causes a 2e3 fold increase in the mRNA levels of factors involved in regulating endothelial and vascular integrity, such as angiopoietin1 (Ang1) and VE-cadherin (Sup Table 2 ). Consistent with loss of Pten and subsequent Akt-mediated induction of hypoxia inducible factor-1a (HIF1a) that constitutes an early event in prostate carcinogenesis [26] , mRNA levels of HIF1a are 4-fold higher in RD-fed Pten þ/À and they undergo further induction by Table 2 ).
In agreement with the pro-angiogenic role of the carcinoembryonic antigen-related cell adhesion molecule (CEACAM1) [27] , Western analysis shows a marked elevation in its protein content in Pten
prostate, in particular upon HC feeding ( Figure 4B ). Double immunostaining with CEACAM1 (red) and CD31 (brown) antibodies reveals normal localization of CEACAM1 in epithelial cells lining the lumen of prostate glands in RD-fed wild-type and RD-fed mutant mice ( Figure 4C , left panels, arrows). CEACAM1 is also detected in some endothelial cells in RD-fed mutant mice ( Figure 4C , lower left panel, arrowheads). In parallel to progressive neo-vascularization, HC feeding causes a concomitant detection of CEACAM1 in endothelial cells lining blood vessels ( Figure 4C , arrowheads), with a marked decrease in its expression in epithelial cells, especially in mutant mice with mPIN 4 and higher, as has been previously shown in humans with high Gleason score [28] .
High-calorie diet provokes inflammation in
Cancer is often associated with inflammatory infiltration. Consistently, immunostaining analysis reveals elevation in the stromal infiltration of inflammatory cells such as macrophages (F4/80), T-cells (CD4/CD8), T-regulatory cells (FoxP3), and inflammatory monocytes (Gr1-R) in the prostates of RD-Pten þ/À compared to RD-fed wild-types ( Figure 5 ). HC induces a further increase in these inflammatory cells to a larger extent in Pten þ/À than wild-types ( Figure 5 ). The higher inflammatory response to HC in Pten þ/À mice is supported by elevation in the expression of CD3, CD45, FoxP3, chemokines (such as the monocyte chemoattractant protein 1, MCP1) and cytokines (such as interleukin 6, IL6 and TNFa) (Sup Table 3 ). Taken together, this demonstrates that loss of Pten cooperates with HC diet to induce inflammation in prostate.
2.7. High-calorie intake induces fatty acid synthesis in Pten þ/À prostate In Pten þ/À but not Pten þ/þ mice, HC feeding induces mRNA levels of peroxisome proliferator-activated receptor (PPARg) and sterol regulatory element binding proteins (SREBP1c) ( Figure 4D ), a master regulator of lipogenic genes, such as FAS, a downstream target of MAPK and Akt pathways [8] . Consistently, immunostaining analysis reveals a more intense FAS staining in the epithelial cells of prostates from HC-fed Pten þ/À mice ( Figure 4E , lower right vs other panels, arrows). With FAS acting as a key energy source for proliferating cancer cells [29, 30] , the data suggest that increased cell proliferation in prostates derived from HC-fed Pten þ/À mice could be associated with increased FAS content (see below). Table 2 e High-calorie diet induces mPIN progression.
Months 7 Months
Pten
93 (26) 58 (14) 58 (14) 36 (9) 56 (8) 71 (19) 13 (2) 14 (2) mPIN 3 4 (1) 29 (7) 37 (9) 52 (13) 15 (2) 14 (4) 73 (11) 64 ( Figure 7B ). We further tested whether insulin increases anchorage-independent growth of prostate epithelial cells with PTEN knockdown by performing soft agar colony formation assays. Consistent with increased cell proliferation, treatment with insulin (1 mM) for three weeks significantly increases the number of small and medium sized colonies on soft agar in RWPE-1 with siPTEN ( Figure 7C ). Of note, mRNA and Western analysis reveal 50% loss of PTEN after 3 weeks, simulating the haploinsufficiency state in mice.
Moreover, insulin (1 mM) elevates the mRNA levels of Bv8 (prokineticin 2) in RWPE-1 cells with 50% loss of PTEN ( Figure 8A ) without affecting VEGF (1.11 AE 0.00 vs 0.86 AE 0.05 in siPTEN and 1.23 AE 0.07 vs 1.00 AE 0.03 in scrambled), consistent with a permissive role for Bv8 in cell proliferation independently of VEGF [31] . PTEN down-regulation elevates SOX9 mRNA, and consequently, that of its target, CEACAM1, which is further induced by insulin treatment, as expected from insulin-induced transcriptional activity of Ceacam1 promoter [32] . Although not statistically significant, insulin tends to induce mRNA of human kallikrein 2 (KLK2), a prostate-specific peptidase that reduces cell apoptosis, in siPTEN cells (2.78 AE 0.31 vs 1.96 AE 0.19 in siPTEN and 1.19 AE 0.14 vs 1.27 AE 0.09 in scrambled). As expected [33] , mRNA of FAS is increased by PTEN down-regulation, and undergoes further stimulation by insulin ( Figure 8A ). Downregulating FAS by w60% in siPTEN-cotransfected cells ( Figure 8B , i) markedly blunted the positive effect of insulin on cell growth in response to insulin, not only by comparison to siPTEN cells ( Figure 8B , ii dotted vs black bar), but also to Scr cells (dotted vs light gray bar).
This assigns a critical role for FAS induction in insulin-mediated increase in cell growth.
2.9. IL-6 induces cell proliferation in human prostate cells with PTEN loss Because IL-6, an independent risk factor in the progression of prostate cancer [34] , is elevated in HC-fed Pten þ/À mice (Sup Table 3 ), we then tested whether it induces growth of siPTEN-transfected RWPE-1 cells.
As Figure 8B shows, IL-6 promotes cell growth more strongly in siPTEN than scrambled cells (blue vs purple bars) and that this effect is markedly reduced with additional loss of FAS (patterned blue hatchings vs blue bars) to reach the level induced by IL-6 in scrambled cells (patterned blue hatchings vs purple bars). This suggests that FAS elevation plays an important role in mediating the inflammatory effect of PTEN downregulation. While the growth effect of IL-6 is much less pronounced than that of insulin in all cell types, the combined treatment with IL-6 and insulin causes a synergistic effect in both scrambled and siPTEN cells.
DISCUSSION
Diet-induced obesity is associated with increased risk for prostate cancer [2] . The molecular interplay between dietary and genetic factors in prostate cancer progression remains elusive. Recent studies have shown that PTEN is the most commonly lost tumor suppressor gene in prostate cancer in men [14] . As in humans, monoallelic deletion of Pten gene in mice causes localized non-malignant mPIN lesions [16] . The current studies demonstrate that HC feeding drives an accelerated onset and progression of a more malignant neoplastic phenotype in haploinsufficient Pten þ/À mice in association with stromal reactivity, angiogenesis and EMT. This provides an in vivo evidence of a permissive role for a hypercaloric diet in prostate cancer progression in these genetically predisposed mice.
Consistent with previous findings [17, 19] , Pten deficiency enhances insulin signaling through the PI3K/Akt pathway in vivo and in cells with PTEN downregulation. HC feeding elevates insulin levels in Pten þ/À mice, albeit to a lesser extent than their wild-type littermates. Together with absence of lipolysis, this modest rise in insulin level is consistent with a relatively more protected insulin response in Pten mutants [18, 35] . As with Pten haploinsufficiency, constitutive activation of Akt does not cause spontaneous invasive carcinoma or metastasis in MPAKT mice fed a regular chow diet [36] . This supports the notion that Pten haplodeletion alone does not suffice to promote invasive prostate carcinoma, and points to altered metabolic parameters as key mediators of the neoplastic progression in HC-fed Pten þ/À mice.
Insulin affects cell proliferation, migration and invasion through both PI3K/Akt and Ras/MAPK signaling pathways. The current studies reveal that insulin markedly induces cellular migration and proliferation, and colony formation on soft agar in RWPE-1 normal human prostate epithelial cells in which PTEN is markedly reduced. Mechanistically, this could be mediated by insulin's induction of several factors involved in regulating cell proliferation, growth, adhesion and motility, including CEACAM1 [27] and FAS [8] . Thus, hyperinsulinemia may play an important role in promoting prostate cancer cell motility in HC-fed Pten þ/À mice, which manifest more insulin sensitivity than HC-fed
Progressive prostate carcinogenesis in HC-fed Pten þ/À mice is accompanied by an increase in SNAIL and N-Cadherin expression with a reciprocal reduction in E-Cadherin. Akt activation could mediate EMT through E-Cadherin repression by SNAIL [37] . Additionally, induced CEACAM1 expression by insulin [32] , and/or by activating SOX9 [38] and androgen receptor [39] , could play a role in this process. Because overexpressing CEACAM1 reduces the adhesive properties of HT29 colorectal carcinoma and 293T cells via upregulating N-Cadherin [40] , it is possible that induction of CEACAM1 and N-cadherin regulate cancer cell motility in HC-fed Pten þ/À mice.
Consistent with neo-vascularization playing a key role in cancer metastasis [41] , HC feeding increases the intraepithelial neovascularization in Pten þ/À but not wild-type mice. This may result, at least partly, from elevated expression of angiogenic factors, such as HIF1a, SOX9 and CEACAM1. While SOX9 transcription factor plays a key role in the growth and development of normal prostate, increases in its levels correlate positively with advanced Gleason score and tumor progression in human prostate tumor [22] . Moreover, SOX9 could synergize with insulin to upregulate CEACAM1 expression in endothelial cells, leading to intratumoral angiogenesis and vascular maturation in HC-fed Pten þ/À mice [42] .
Prolonged HC feeding causes infiltration of inflammatory cells that contribute to altered metabolic abnormalities [43] as well as tissue reorganization during tumor growth [44] . Among the several proinflammatory factors that are induced in Pten þ/À mice is IL-6, a cytokine that constitutes an independent risk factor in prostate cancer progression [34] . In siPTEN-cells, IL-6 alone induces cell growth, albeit to a lower extent than insulin, but also synergizes with this growth factor to cause a more robust proliferative effect than insulin alone. Given that PTEN exerts an anti-inflammatory effect [45] , this suggests that IL-6 synergizes with insulin's amplification of PI3K/Akt activation by Pten loss to contribute to the progression of prostate neoplasia in HC-fed Pten þ/À mice, as has been shown in humans and rodents [46] .
Moreover, HC feeding induces the Foxp3þTreg pool that is positively associated with advancement of tumor stage [47] . Together, the data suggest that HC induction of an inflammatory response contributes to the neoplastic progression in HC-fed Pten þ/À mice. Consistent with the inverse correlation between FAS and PTEN in human prostate cancer [48] , HC feeding markedly induces FAS level in Pten þ/À mice. Enhanced de novo synthesis of fatty acids is positively associated with progressive prostate cancer in humans and mice [49] , partly because fat accumulation promotes a proinflammatory cellular milieu [50] . In contrast, anti-FAS therapy limits prostate cancer progression [51] . Insulin's stimulation of FAS in PTEN knockdown RWPE-1 cells suggests that increased FAS expression in HC-fed Pten þ/À mice is likely mediated by insulininduced SREBP1c activation, which can occur in both insulin sensitive and insulin resistance states [33] . Reversal of the proliferative effect of insulin (and IL-6) with the loss of FAS in siPTEN-cells indicates that FAS induction plays a key role in insulin-as well IL-6-mediated increase in cell growth. This points to fatty acid synthesis as a key molecular player linking diet-induced lipogenesis to cell proliferation and inflammation during prostate cancer progression in HC-fed Pten þ/À mice.
The regulatory role of PTEN-dependent regulation of lipogenesis in prostate cancer progression has been recently emphasized by the demonstration that PTEN loss and PI3K/Akt activation cause cholesterol ester accumulation that leads to aggressiveness of human prostate cancer [52] . Although like insulin, plasma cholesterol and triglyceride levels did not correlate significantly with mPIN score, we cannot rule out a potential role for these metabolic parameters in HCinduced neoplastic progression in Pten þ/À mice, either synergistically with insulin or individually. More studies are needed to further explore this possibility. The current studies provide an in vivo demonstration that HC promotes prostate cancer progression in a model of genetic susceptibility resulting from loss of Pten, a well-characterized tumor suppressor gene. Mechanistically, this advanced neoplastic state (including angiogenesis, EMT and inflammation), could be mediated, at least in part, by enhanced activation of Akt and MAPK pathways and induction of de novo lipogenesis in prostate (as predicted from elevated FAS) in the presence of enhanced insulin response to chronically elevated insulin levels. The high incidence of PTEN haploinsufficiency in prostate cancer in men underscores the therapeutic impact of our observations, particularly in light of the epidemic spread of diet-induced obesity in the industrialized world.
METHODS
Animals
Pten tm1Rps mice [20] , backcrossed onto the C57BL/6 (BL6) background were obtained from the National Cancer Institute's Mouse Models of Human Cancers Consortium. All mice were kept in a 12-h dark/light cycle. All procedures were approved by the Institutional Animal Care and Utilization Committee. 
Metabolic analysis
Following an overnight fast, mice were anesthetized with sodium pentobarbital (55 mg/kg body weight), and whole venous blood was drawn from retro-orbital sinuses to measure fasting glucose levels using a glucometer (Accu-chek Ò Aviva; Roche Ò Diagnostics, Indianapolis, IN). Plasma insulin and C-peptide levels were measured by radioimmunoassays (Millipore, St. Charles, MO), non-esterified fatty acids (NEFA) by NEFA C kit (Wako Diagnostics, Richmond, VA), triglycerides by a kit from Pointe Scientific (Canton, MI), and testosterone by a kit from Endocrine Technologies (Newark, CA). Visceral adiposity was expressed as % of epididymal plus intestinal white adipose tissue per total body mass.
Histopathology and phenotyping of prostate lesions
Formalin-fixed ventral and dorsolateral lobes of prostate were embedded in paraffin blocks and serially sectioned to 5 mm thickness.
Some sections were stained with hematoxylin & eosin (H&E) and analyzed for prostatic intraepithelial neoplasia (mPIN) by two independent certified pathologists (P.C. and C.G-W.), using the classification scheme of Cardiff and colleagues [53] . Accordingly, mPIN was classified into four levels (mPIN 1-4) based on micro-architecture, differentiation pattern and degree of nuclear atypia, with mPIN 4 being the most progressive form, but differing from invasive carcinoma by retaining an intact basement membrane surrounding the prostate gland. One score was assigned for each mouse based on the worst lesion observed on a single H&E section. Fluorescence units were measured with a fluorescent plate reader using excitation at 488 nM and emission at 535 nM. Migration was calculated by the difference in the fluorescent units in insulin-treated and untreated cells. 4.9. Soft agar clonicity assay RWPE-1 cells were plated in 10 cm plates, transfected and incubated for 24 h, as above. Cells were then trypsinized, counted and resuspended in growth factor-free K-SFM supplemented with BSA alone or with 1 mM insulin. 1 Â 10 4 RWPE-1 cells were mixed with 0.7% DNAgrade agarose (prepared in sterile, cell culture grade 1Â PBS, preboiled and cooled down to 40 C) and layered on top of a 0.8% base agar layer. Plates were then incubated at 37 C in humidified incubator for three weeks. Cells were fed with growth factor-free K-SFM media supplemented with BSA alone or with 1 mM insulin twice a week. On day 21 post-plating, the number of colonies was counted, and classified as small and medium based on the cell number per colony. To test the knockdown efficiency throughout this time, a parallel transfection with either scrambled siRNA or siPTEN was performed, and PTEN levels were analyzed by Western blot and qRT-PCR at the end of each week for three weeks.
4.10. Semi-quantitative real-time PCR Total RNA was extracted from the anterior lobe of prostate or from RWPE-1 cells using PerfectPure RNA Tissue Kit (5 Prime, Gaithersburg, MD) according to manufacturer's protocol. 1 mg of total RNA was reversetranscribed using iScriptÔ cDNA synthesis kit (Bio-Rad Laboratories, Herculus, CA) and the mRNA expression of individual genes was analyzed by semi-quantitative real-time PCR (qRT-PCR) in triplicate or quadruplet ( Step One Plus Real time PCR system, Applied Biosystems, Foster city, CA) using gene specific primers as listed in Sup Table 1 . The relative amount of mRNA of individual gene was calculated after normalizing to corresponding 18S and the results are expressed as fold change relative to Pten þ/þ on RD or Vehicle-treated control RWPE-cells.
Statistical analysis
Data were analyzed by two-way analysis of variance (ANOVA) using SAS statistical analysis software (SAS Institute, Inc, Cary, NC) and also by unpaired two-tailed Student t-test with GraphPad Prism software. p < 0.0125 was statistically significant. Spearman Correlation was used to compare mean of plasma insulin, cholesterol and triglycerides among all levels of mPIN, since mPIN is an ordinal variable scored from 1 to 4 and invasion.
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